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Neutrinos are massive and mix (similar to quark sector)

να =
∑

i

Uαiνi

Neutrino flavor evolution is given by a Schrödinger-like
equation

i |ν̇(t)〉 = (H0 + V ) |ν(t)〉

Nomally, neutrino-neutrino interactions are not of
importance

The effect of neutrino-neutrino interactions is non-linear
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Where to look for neutrino-neutrino interactions

Neutrino density is usually very low

The effect is of negligible interest to terrestrial applications

Some extreme
environments are of
interest

Supernovae
The early Universe
Coalescing neutron
stars
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In a two-flavor treatment, a three-dimensional
representation is possible
The polarization vectors P and P̄ descibe the flavor
content of neutrinos and anti-neutrinos, respectively
The z-components of these vectors are related to the
flavor number densities
The polarization vectors rotates around a vector
determined by the Hamiltonian of the system
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Supernova neutrinos

In a core collapse supernova, most of the energy is
released in the form of neutrinos

Both interactions with neutrinos and ordinary matter can
play a role
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Hannestad, Raffelt, Sigl, Wong, Phys. Rev. D74 (2006) 105010

Inverted neutrino mass hierarchy (non-zero vacuum
mixing)
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Supernova neutrinos (cont.)

Hannestad, Raffelt, Sigl, Wong, Phys. Rev. D74 (2006) 105010

Inverted neutrino mass hierarchy (non-zero vacuum
mixing)

No flavor conversion in normal mass hierarchy
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The pendulum analogy

With a transformation of variables, the equations of
motion are equivalent to those of a spherical pendulum
with varying moment of inertia

In this analogy, the difference vector D = P − P̄ acts as
the angular momentum

In the standard case, D rotates around the vacuum
hamiltonian vector, leading to essentially conserved Dz

The potential energy of the pendulum is essentially
ωB · (P + P̄), where ω is the vacuum oscillation frequency
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Considerations in terrestrial neutrino experiments

Nonstandard neutrino interactions with matter have been
studied in large detail

Examples of scenarios
studied:

Atmospheric
neutrinos
Solar neutrinos
Long baseline
neutrinos
Reactor neutrinos

We wish to study effective nonstandard four-neutrino
interactions, e.g.,

νe + νe −→ νe + νµ
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background

For all simulations, we assume that no vacuum mixing is
present – Note: No conversion in standard case

In the pendulum analogy, the NSI act as an external force
on the system

The strength of NSI relative vacuum oscillations: |µrξg |
vs. |ω|, where g is the NSI strength relative weak
interactions

For typical supernova neutrino energies, |ω| ∼ 0.3 km−1

We use ξ = 0.25, thus the NSI strength is comparable to
the vacuum oscillation strength at the neutrino sphere
when g ≃ 10−4

mailto:blennow@mppmu.mpg.de
mailto:blennow@mppmu.mpg.de


Four-neutrino
NSI in dense

neutrino gases

Mattias
Blennow

Outline

Dense
neutrino gases

Nonstandard
interactions
and their
implications

Summary and
conclusions

Vacuum background

We start by considering the case when there is no fermion
background

For all simulations, we assume that no vacuum mixing is
present – Note: No conversion in standard case

In the pendulum analogy, the NSI act as an external force
on the system

The strength of NSI relative vacuum oscillations: |µrξg |
vs. |ω|, where g is the NSI strength relative weak
interactions

For typical supernova neutrino energies, |ω| ∼ 0.3 km−1

We use ξ = 0.25, thus the NSI strength is comparable to
the vacuum oscillation strength at the neutrino sphere
when g ≃ 10−4

We thus consider g . 10−4 the small NSI regime
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Small NSI regime (cont.)
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g = 10−7 or even smaller is enough to trigger the
instability → flavor conversion in the inverted mass
hierarchy

Otherwise, the standard scenario is recovered
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We now consider the regime where 10−4 . g . 10−1

In this regime, the neutrino NSI initially dominate the
vacuum frequency, but the second-order effects are still
suppressed
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Intermediate NSI regime

We now consider the regime where 10−4 . g . 10−1

In this regime, the neutrino NSI initially dominate the
vacuum frequency, but the second-order effects are still
suppressed

The NSI act as an external force on the pendulum, making
it oscillate rapidly in the beginning of the evolution while
not preserving Dz
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Intermediate NSI regime (cont.)
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The flavor asymmetry for intermediate g = 10−2 erases
the initial flavor asymmetry

The oscillations are damped out when ω starts dominating

The standard interactions then provide the usual potential,
splitting the cases of normal and inverted hierarchy
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Large NSI regime

For g & 0.1:
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Large NSI regime

For g & 0.1:

NSI effects compete with standard evolution
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For g & 0.1:
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For large g = 1, the final Dz is unpredictable

The standard potential effect takes over in the end
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For g = 10−2, the matter term has stabilized the initial
system

The evolution proceeds more or less as in the standard case

The NSI is still enough to provide the initial instability,
leading to flavor conversions for the inverted mass
hierarchy
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For large NSI, the standard matter effect may not be
enough to completely stabilize the system
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Further directions of investigation may be related to
the presence of nonstandard neutrino-charged fermion in-
teractions. Their impact on matter transitions in super-
novae has been explored in different works. In particular,
in Ref. [12] it has been shown that these could induce new
effects just above the neutrino sphere. Their impact on
the collective neutrino flavor evolution still remains to be
characterized.

Finally, we would like to remark that this study as-
sumes that the nonstandard effects do not affect the for-
mation of the neutrino spectra and the dynamics in the
supernova core. It has been argued in [15, 16] that suffi-
ciently large NSI of neutrinos with SN matter may lead
to drastic changes in the core electron fraction and neu-
trino spectra. Since the NSI interactions considered here
do not enter directly the weak equilibrium, nor enhance
neutrino-nucleus collisions, one would naively guess that

at least for sufficiently small g their effects should be
sub-leading. Of course, a definitive proof of this working
hypothesis would require detailed supernova simulations,
including nonstandard interaction effects in the dynamics
of the core-collapse.
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Further directions of investigation may be related to
the presence of nonstandard neutrino-charged fermion in-
teractions. Their impact on matter transitions in super-
novae has been explored in different works. In particular,
in Ref. [12] it has been shown that these could induce new
effects just above the neutrino sphere. Their impact on
the collective neutrino flavor evolution still remains to be
characterized.

Finally, we would like to remark that this study as-
sumes that the nonstandard effects do not affect the for-
mation of the neutrino spectra and the dynamics in the
supernova core. It has been argued in [15, 16] that suffi-
ciently large NSI of neutrinos with SN matter may lead
to drastic changes in the core electron fraction and neu-
trino spectra. Since the NSI interactions considered here
do not enter directly the weak equilibrium, nor enhance
neutrino-nucleus collisions, one would naively guess that

at least for sufficiently small g their effects should be
sub-leading. Of course, a definitive proof of this working
hypothesis would require detailed supernova simulations,
including nonstandard interaction effects in the dynamics
of the core-collapse.
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Both the fields of NSI and dense neutrino gases usually
cite a lot of references
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reference where I actually used a figure from that paper
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Further directions of investigation may be related to
the presence of nonstandard neutrino-charged fermion in-
teractions. Their impact on matter transitions in super-
novae has been explored in different works. In particular,
in Ref. [12] it has been shown that these could induce new
effects just above the neutrino sphere. Their impact on
the collective neutrino flavor evolution still remains to be
characterized.

Finally, we would like to remark that this study as-
sumes that the nonstandard effects do not affect the for-
mation of the neutrino spectra and the dynamics in the
supernova core. It has been argued in [15, 16] that suffi-
ciently large NSI of neutrinos with SN matter may lead
to drastic changes in the core electron fraction and neu-
trino spectra. Since the NSI interactions considered here
do not enter directly the weak equilibrium, nor enhance
neutrino-nucleus collisions, one would naively guess that

at least for sufficiently small g their effects should be
sub-leading. Of course, a definitive proof of this working
hypothesis would require detailed supernova simulations,
including nonstandard interaction effects in the dynamics
of the core-collapse.
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